The adsorption and movement of carbaryl on soils in surfactantfree and surfactant (cationic, non-ionic, anionic) solutions of different critical micelle concentrations (CMCs) has been studied using batch equilibrium and soil thin layer chromatography (soil TLC) techniques. The adsorption of carbaryl in surfactant-soil-water systems followed the order cationic > anionic > non-ionic as anticipated from the Freundlich constant, K F , and distribution coefficient, K D , values. The R f values obtained from soil TLC studies were inversely proportional to the K F and K D values. The affinities of carbaryl towards organic carbon and the clay content of the soil were compared using the K OC and K C values. The behaviour of carbaryl in surfactant-soil-water systems mainly depends on the degree of hydrophobicity of the pesticide and the type and concentration of surfactant used. The K D * /K D ratios were used to evaluate the remediation efficiency of surfactants and it was found that anionic surfactant is a better choice for remediation of contaminated soils. The remediation efficiency of non-ionic surfactant varies with the nature of the soils whereas cationic surfactant leads to poor remediation efficiency. The results obtained are interesting as they afford the basic data relating to the possible use of surfactants for solving pollution problems posed by carbaryl.
INTRODUCTION
Soil colloids are known to react with pesticides, affecting their stability and biological activity in soils as well as contributing to environmental pollution. As a consequence, environmental protection has become a major issue in agriculture during the past several years. The frequent detection of pesticides as pollutants in soil, sediments, and surface and ground water samples has contributed to the need for experimental studies on pesticide adsorption and movement in soils so as to overcome the problems of environmental pollution. Carbaryl (1-naphthyl-N-methylcarbamate) is a systemic, non-ionic, contact insecticide which is widely used in the Indian sub-continent as protection against all major insect pests of cereals, fruits, vegetables and other crops. Most of the data on carbaryl adsorption on soils and clays deal with aqueous solutions (Ahmad et al. 2001; Sheng et al. 2001; Raturi et al. 2005) . Recently, Singh et al. (2010) have studied the effect of water-miscible organic solvents (acetone and methanol) on the adsorption and movement of carbaryl in soils and verified the co-solvent theory.
Much attention has now been paid to study the effect of surfactants on the adsorption of hydrophobic organic compounds (HOCs)/pesticides on soils. Several researchers (Amonette and O'Connor 1980; Iglesias-Jimenez et al. 1996) have shown that surfactant and pesticide compounds can interact under certain conditions and therefore influence pesticide adsorption and movement in soils. The presence of non-ionic and anionic surfactants above their CMCs strongly enhances the solubility of HOCs/pesticides by partitioning into the hydrophobic cores of surfactant micelles. This represents an important tool in the chemical and biological remediation of contaminated soils and sediments (Edwards et al. 1991; Di Cesare and Smith 1994) . Other types of surfactants, such as cationic surfactants, may be retained by soil colloids and may enhance the adsorption of HOCs, thereby increasing the potential to increase the formation of bound residues (Wagner et al. 1994) . Recently, Ahmad et al. (2005) reported that surfactants enhance the release of carbaryl from two long-term contaminated soils.
However, information pertaining to the effect of surfactants on the adsorption and movement of carbaryl in soils is unfortunately not available in the literature. Hence, in the present investigation, an attempt has been made to study the adsorption and movement of carbaryl in four texturally different Indian soils in the absence and presence of aqueous solutions of various surfactants with different charge properties, viz. cationic (cetyltrimethylammonium bromide, CTAB), non-ionic (polyethylene glycol t-octyl phenyl ether, TX-100) and anionic (sodium dodecyl sulphate, SDS) at different CMC values (0.1 × CMC, 1 × CMC and 10 × CMC), with a view to understanding how the adsorption and movement of carbaryl is affected by the presence of these surfactants when both co-exist in soils as a result of human activity. In addition, the possible development of the use of surfactants in solving pollution problems posed by carbaryl in soils has been examined.
MATERIALS AND METHODS

Soils and chemicals
The soils used in the present study were collected from the surface horizon (0-30 cm) of cultivated fields from the villages Alampur (ASL), Kalai (KL) and Bhoran (BSL) in the Aligarh district (U.P.), and from the Forest Research Institute farm (FSL) in the Dehradoon district (Uttarakhand) in India. The soil samples were air-dried, ground to pass through a 2-mm sieve and stored in plastic bags at room temperature. The physicochemical properties of the soils were determined by standard methods and the values obtained are listed in Table 1 . Carbaryl (aqueous solubility = 104 µg/mᐉ; log K OW = 2.36) was obtained from M/S Bayer Crop Science India Ltd., Mumbai. A stock solution of carbaryl of 1000 µg/mᐉ concentration was prepared by dissolving the requisite amount of carbaryl in methanol. Methanol was the preferred solvent as it showed no effect on the solubilisation of the surfactant; higher alcohols could not be utilised since they had a significant effect on the CMC values (Rosen 1989) .
The three types of surfactants studied, viz. cationic (CTAB), non-ionic (TX-100) and anionic (SDS), were supplied by Central Drug House Pvt. Ltd., Mumbai, India and their properties are listed in Table 2 . All other chemicals and reagents were of A.R. grade as obtained from E. Merck, India and CDH Chemicals Ltd., India. 
Adsorption studies
Batch equilibrium adsorption experiments of carbaryl on soils in the absence and presence of aqueous solutions of cationic, non-ionic and anionic surfactants at different critical micellar concentrations (0.1 × CMC, 1 × CMC and 10 × CMC) were performed by taking eight concentrations of carbaryl (5, 10, 15, 20, 25, 30, 35 , 40 µg/mᐉ) in 100 mᐉ glass-stoppered conical flasks. The volume contained in each flask was made up to 20 mᐉ by the addition of the requisite volume of methanol and surfactant solutions of different CMCs. To these solutions was added 1 g of each soil sample, with the resulting suspensions being maintained in an incubator at 25 ± 1 o C for 24 h with intermittent shaking for a period of 3 h. All experiments were conducted in triplicate. Preliminary experiments revealed that a contact time of 24 h was sufficient for equilibrium to be attained, both in the absence or presence of various surfactants at the three CMC values employed. The suspensions were then centrifuged at 15 000 rpm for 10 min using a Beckman model L3-50 ultracentrifuge, with the carbaryl in the supernatant liquids being estimated spectrophotometrically (Stansbury Jr. et al. 1964 ) using a T-70 UV-vis spectrophotometer at a wavelength of 590 nm. This method has a detection limit of 0.1 µg/mᐉ while the instrument had a minimum detection limit of ± 0.002 Abs. The amount of carbaryl adsorbed was taken as the difference between that initially present in solution and that remaining after equilibration with the soil.
Soil thin layer chromatography (soil TLC)
The movement of carbaryl in soils was studied using the soil TLC technique (Singh and Raj Kumar 2000) . Clean glass plates (20 × 20 cm 2 size) were coated with an aqueous slurry of a given soil sample (0.5 mm thickness) using a TLC spreader. The plates were dried at room temperature,
Statistical analysis
Statistical analyses were performed using SPSS 11.0 for Windows to obtain a correlation between the adsorption constants (Freundlich constant and distribution coefficient) and the different physicochemical properties of the soils.
RESULTS AND DISCUSSION
The adsorption isotherms of carbaryl on soils in the absence and presence of aqueous solutions of the three surfactants studied at different CMC values are depicted in Figures 1-3. All these isotherms indicate the amount of carbaryl adsorbed per unit mass of solid adsorbent (x/m, µg/g) versus the equilibrium concentration (C e , µg/mᐉ). From the isotherms, it is clear that soil adsorption followed the order FSL > ASL > KL > BSL, both in surfactant-free as well as in aqueous surfactant solutions, at all CMCs except at the 1 × CMC and 10 × CMC levels for aqueous non-ionic surfactant (TX-100) solutions. The higher adsorption on FSL soil may be due to its higher organic carbon and clay content relative to ASL, KL and BSL soils ( Table 1 ). All the isotherms for both types of systems, i.e. in the absence and presence of surfactants at varying activated by heating at 100-105 ºC in an oven for 0.5 h, then de-activated and stored in a desiccating chamber. Two lines were scribed on each plate at distances of 3 cm and 13 cm above the base to maintain a standard development distance of 10 cm on the plates. A 10 µᐉ volume of a carbaryl solution of 1000 µg/mᐉ concentration in methanol was applied as a spot on the soil TLC plates with the help of a lambda pipette held 3 cm above the bottom of the plates. A strip of paper towel of 2 cm width moistened with eluents (water and surfactant solutions of different CMCs) was wrapped around the bottom of the plates to prevent disintegration of the soil layer when it came into contact with the eluents. The carbaryl-spotted plates were eluted in distilled water and in surfactant solutions of different critical micelle concentrations (0.1 × CMC, 1 × CMC and 10 × CMC), positioning the plates at an angle of 45 o in the glass tank. After the eluent had migrated a distance of 10 cm from the base line, the plates were removed from the tank and dried at room temperature. The movement of carbaryl was detected by spraying the developed plates with a 5% methanolic KOH solution followed by spraying with 0.1% p-nitrobenzenediazonium tetrafluoroborate. The development of dark blue-black spots indicated the presence of carbaryl. The movement of carbaryl was expressed in terms of the R f values (Singh and Raj Kumar 2000) with the results obtained being summarised in Tables 3-6. CMCs, were L-shaped (Giles et al. 1960) , except at 10 × CMC CTAB levels in FSL, ASL and KL soils where the isotherms were H-shaped. Such L-shaped isotherms indicate a high degree of affinity between the adsorbent and the adsorbate and suggest that, as the active sites of the adsorbent became saturated, the adsorption of new molecules occurs with great difficulty. Similarly, H-shaped isotherms are a special case of L-shaped isotherms and indicate a high affinity between the adsorbent and the adsorbate, such that the adsorption extent amounts to 100% and the final concentration of adsorbate in the solution is zero.
With the exception of the H-shaped isotherms, all the L-shaped isotherms could be described by the empirical Freundlich equation, viz.
log(x/m) = log K F + 1/n log C e (1)
where K F and 1/n are the constants associated with the affinity of the adsorbate for the adsorbent and the degree of curvature of the isotherms, respectively. The dimension of K F is [µg (1 -n) mᐉ n ]/g whereas 1/n is dimensionless. In general, the values of the coefficient of determination (r 2 ) were greater than 0.95. The values of K F and 1/n for the various carbaryl-soil combinations as estimated from the linear regression of the logarithmically transformed data are summarized in Tables 3-6. The obtained values of 1/n < 1 indicate a degree of non-linearity between the solution equilibrium concentration and adsorption, and are in agreement with the L-shape of the isotherms.
The lack of linearity may be attributed to specific interactions existing between compounds with polar groups and the organic matter or the mineral fraction of the soils (Singh and Singh 2008; Spurlock and Biggar 1994) .
Since the values of 1/n departed from unity, it was considered appropriate to use the distribution coefficient, K D , as a measure of the soil adsorption capacity since it represents adsorption under equilibrium conditions. The statistical averages of the K D values for each soil in surfactant-free and in surfactant-soil-water systems were evaluated from the relationship:
( 2) with the values obtained being summarised in Tables 3-6. The Freundlich constant and distribution coefficient in the surfactant-free systems are denoted as K F and K D , whereas in surfactant-soil-water systems they are denoted as K F * and K D * , respectively. The values of K F * and K D * obtained for the surfactant-soil-water systems studied show that the adsorption of carbaryl was higher in the presence of cationic surfactant, followed by anionic and non-ionic surfactants (cationic > anionic > non-ionic), at all CMCs on all the four soils except at 10 × CMC level in KL and BSL soils. The R f values obtained from soil TLC studies are inversely proportional to the K F , K D (surfactant-free) and K F * , K D * (surfactant-water systems) at all CMCs for all the soils studied (Tables 3-6) and confirm the above adsorption pattern of carbaryl in the different surfactants employed.
Effect of the cationic surfactant (CTAB)
Figures 1(a)-(d) and the adsorption isotherm data listed in Table 4 represent the carbaryl adsorption onto the four soils in the absence and presence of the cationic surfactant CTAB at different CMC values (0.1 × CMC, 1 × CMC and 10 × CMC, respectively). The observed higher values of K F * and K D * for carbaryl at 0.1 × CMC compared to the surfactantfree system for all the four soils demonstrate that the adsorption of carbaryl increased at this CMC value. This is because CTAB is cationic in nature and adsorbed (cation-exchanged) by soils in the form of hemimicelles/admicelles (West and Harwell 1992) . The presence of this soil-bound surfactant increases the hydrophobicity of the soil surfaces and increases the adsorption of carbaryl. However, at 1 × CMC and 10 × CMC, the observed values of K F * and K D * increased markedly (see Table 4 ) compared to those for the surfactant-free system (see Table 3 ). This marked increase in adsorption may be due to the fact that at 1 × CMC and 10 × CMC the amount of CTAB adsorbed by the soils must be greater than at 0.1 × CMC, together with the fact that the adsorption capacity of CTAB in micellar form is greater than that in its monomeric form. Apart from the great adsorption capacities of cationic surfactants, it has also been reported by several researchers (Mbagwu et al. 1993; Abu-Zreig et al. 1999 ) that the application of surfactants results in a drastic increase in soil dispersion, thus increasing the soil surface area and the amount of available sites for adsorption. The mechanical disintegration of particles in batch experiments due to sample shaking may also increase the number of available sites for adsorption, resulting in an increase in the adsorption capacity of the soil. The results obtained are in accordance with the data reported by Iglesias-Jimenez et al. (1996) and Singh and Rajkumar (2004) who studied the effect of surfactants on the adsorption of pesticides in soil-water systems. 
Effect of the non-ionic surfactant (TX-100)
The adsorption isotherm data listed in Table 5 and presented in Figures 2(a)-(d) represent carbaryl adsorption onto four soils in the absence and presence of the non-ionic surfactant TX-100 at different CMC values (0.1 × CMC, 1 × CMC and 10 × CMC). In FSL and ASL soils, the K F * and K D * values of carbaryl decreased as the concentration of TX-100 increased from 0.1 × CMC to 10 × CMC. In contrast, in KL and BSL soils, the corresponding values for carbaryl increased as the concentration of TX-100 increased from 0.1 × CMC to 10 × CMC (Table 5 ) relative to its adsorption in surfactant-free systems ( Table 3) .
The decrease in adsorption on FSL and ASL soils with increasing CMC may be attributed to the inefficient adsorption of TX-100 on soils containing a high content of organic matter (Rodriguez-Cruz et al. 2005; Lee et al. 2004 ). Similar results have been reported by Ahmad et al. (2005) . These latter authors also reported an increase in the desorption of carbaryl with increasing TX-100 concentration.
In KL and BSL soils, the values of K F * and K D * for carbaryl increased with increasing CMC, thereby demonstrating an increase in the adsorption of carbaryl with respect to its adsorption in a surfactant-free system. The increase in adsorption in KL soil may be attributed to the fact that this soil contained the highest clay content, combined with the fact that TX-100 is known to adsorb readily on soil mineral surfaces (Levitz 2002) . The increase in adsorption in BSL soil may be attributed to the lesser amount of organic matter associated with this soil. Generally, the adsorption of a non-ionic surfactant onto soils may be correlated mainly with the composition of the mineral phase, on which the adsorption/desorption of the contaminants is similarly dependent (Levitz 2002; Shen 2000) . The adsorption of non-ionic surfactants onto soils with a low content of organic matter (such as BSL) can be mainly correlated with the mineral properties of the soils et al. 2004) . The KL soil with the relatively higher clay mineral fraction, and the BSL soil with the least content of organic carbon, adsorbed a greater amount of surfactant. This allowed the partitioning of carbaryl on the soil surface, leading to an obvious increase in the K F * and K D * values. The results obtained in the present work are in accordance with the data of Rodriguez-Cruz et al. (2004) . They reported an increase in the desorption of pesticides (atrazine and diuron) with increasing TX-100 concentration in soils with the highest organic matter content (as is the case with the FSL and ASL soils). In contrast, in soils with the lowest organic matter content, desorption was not favoured (as in KL and BSL soils). Variations in the effect of the non-ionic surfactant as a function of soil organic matter content have also been observed by Werkheiser and Anderson (1996) for the adsorption of the herbicide primisulfuron in the presence of Triton X-77. Other authors have also reported variations in the effect of non-ionic surfactants as being due to soil clay mineralogy (Brickell and Keinath 1991) . Table 6 demonstrate the adsorption behaviour of carbaryl onto the four soils studied in the absence and presence of the anionic surfactant SDS at different CMC values (0.1 × CMC, 1 × CMC and 10 × CMC).
Effect of the anionic surfactant (SDS)
Figures 3(a)-(d) and the adsorption isotherm data listed in
In all the four soils, the values of K F * and K D * for carbaryl increased at 0.1 × CMC and 1 × CMC of SDS (Table 6) relative to the adsorption observed in the surfactant-free system (Table 3) . However, at 10 × CMC, the K F * and K D * values for carbaryl decreased in all four soils. The increase in carbaryl adsorption at 0.1 × CMC and 1 × CMC could possibly have been due to the adsorption of SDS by the soils concerned. Notwithstanding its anionic character, it has been reported that SDS is adsorbed by soils and clays (Lin and Juang 2002) . At higher SDS concentrations, i.e. 10 × CMC, the corresponding K F * and K D * values decreased considerably, thereby indicating a decrease in carbaryl adsorption relative to its adsorption in the surfactant-free system for all four soils. This may be due to the formation of aqueous surfactant micelles which effectively compete with the solid phase as a sorptive medium for hydrophobic compounds such as carbaryl. Similar results have been reported by Iglesias-Jimenez et al. (1996) for the adsorption of the pesticide ethofumesate in the presence of different concentration of SDS, and also by Lee et al. (2004) who studied the effect of surfactants on the distribution of organic compounds in the solid soil/water system.
Wang and Keller (2009) have also reported a similar adsorption pattern for the two pesticides atrazine and diuron in the presence of the anionic surfactant LAS. In this study, as the concentration of LAS increased up to the CMC values, the adsorption of these pesticides increased due to soil adsorption and the co-precipitation of LAS with divalent cations, followed by partitioning of the pesticide into the adsorbed and precipitated LAS. However, above the CMC value, a decrease in pesticide adsorption was observed as a result of the increasing micelle concentration and the release of the pesticides from the precipitated LAS.
Remediation efficiency
The K D * /K D ratios have been used to define the remediation efficiency of the various surfactants in the soils studied. If K D * /K D > 1, remediation of a pesticide-contaminated soil is considered to be inefficient for the system involved. Conversely, if K D * /K D < 1, this means that soil remediation is favourable (Lee et al. 2004) . The observed values of K D * /K D are listed in Tables 4-6.
The ratios of K D * /K D for the CTAB-soil-water systems were greater than unity, and increased with increasing CMC for all four soils studied (Table 4 ). This shows the poor remediation efficiency of CTAB, which is cationic in nature and aggregates readily on negatively charged soil surfaces. In the presence of the non-ionic surfactant TX-100, the K D * /K D ratios were less than unity for FSL and ASL soils and greater than unity in KL and BSL soils at all the CMC values studied (Table 5 ). This shows that the remediation efficiency of TX-100 is higher for soils with a high content of organic matter and a low clay content (FSL and ASL soils, respectively) and lower for soils with a high clay and low organic matter content (as for KL and BSL soils, respectively). The KL soil with a relatively higher clay mineral fraction and the BSL soil with the smallest organic matter content adsorbed a greater amount of surfactant, thereby allowing carbaryl to partition on the soil surface and leading to an obvious increase in the K D * /K D ratios in these two soils. The K D * /K D ratios in SDS-soil-water systems were greater than unity at 0.1 × CMC and 1 × CMC levels in all four soils, thereby demonstrating the lower remediation efficiency of SDS at these concentrations. However, the magnitude of the K D * /K D ratio diminished significantly at a 10 × CMC level of SDS. This shows that soil remediation is favourable at this SDS concentration.
Importance of the organic carbon and clay contents of soils in carbaryl adsorption
The normalized adsorption coefficients relative to organic carbon, K OC , and clay content, K C , were evaluated employing the equations proposed by Gerstl (1984) . The values thus obtained are listed in Tables 3-6. These are important parameters which play a significant role in the assessment of the environmental fate of organic chemicals. They provide an indication of the extent to which chemical partitioning occurs between the solid and solution phases in the soil and suggest whether the chemical is likely to leach through the soil or be rendered immobile.
The affinity of carbaryl towards the organic matter and clay content of the soils studied in the present work have been compared through the use of the corresponding K OC and K C values (Tables 3-6 ). From the data listed in these tables, it will be seen that the K OC values obtained in the present study were higher than the K C values in both surfactant-free and surfactant-soil-water systems, thereby leading to the possible conclusion that the organic matter in the soils was the main parameter in determining the extent of carbaryl adsorption. However, the use of these parameters without appreciating their limitations may result in incorrect decisions regarding the pollution hazard of these dangerous chemicals (Gerstl 1984) . Simple correlation analysis between the values of K F , K D (surfactant-free) and K F * , K D * (surfactant-soil-water systems) and the organic carbon, clay and other soil parameters showed that such correlation with the soil clay content was rather poor, while the corresponding correlation with the soil organic carbon content was highly significant (r 2 ≤ 1.00; p ≤ 0.01). This confirms the high affinity of carbaryl towards organic carbon rather than the clay content of the soils. Similar highly significant correlations were also obtained for the cation-exchange capacity, CEC (r 2 ≤ 0.98; p < 0.05), of the soils. However, this shows that although the organic carbon content is of major importance in the adsorption of many organic chemicals in soils, other soil components may also contribute significantly to adsorption in certain cases (Bowman and Sans 1977) . The higher correlation with the CEC also suggests that the role of clay content is also important, especially for those soils where the organic matter content was low (KL and BSL) (Iglesias-Jimenez et al. 1996) .
The influence of both soil fractions is due to the structure of the carbaryl molecule which contains both a hydrophobic unit (1-naphthyl-N-methyl group) and a polar unit (-COO group). Colloidal fractions, viz. organic carbon and clay, frequently influence the adsorption of pesticides which contain hydrophobic and polar groups in their molecular structures (Andrades et al. 2001; Sanchez-Camazano et al. 2000) . Sheng et al. (2001) have also reported that, as a consequence of its two-ring π-electron system, carbaryl may participate in the formation of an electron donor-acceptor complex with siloxane surfaces depending on the inductive and resonance properties of the N-methylcarbamate (-OCONHCH 3 ) moiety.
The present results are also in accordance with the work of Walker and Crawford (1968) and Stevenson (1976) who reported that, up to an organic matter content of ca. 6%, both organic and mineral surfaces are involved in adsorption. The variability of the K OC values among the four soils studied in surfactant-free as well as in surfactant-soil-water systems at different CMC values (K OC ranging from 595-180 148) also shows that the extent of adsorption is not exclusively predictable from the organic carbon content of soils (Celis et al. 2006 ).
CONCLUSIONS
The adsorption and movement of carbaryl in soils in the absence and presence of cationic, nonionic and anionic surfactants at different CMC values were studied using batch equilibrium and soil TLC techniques. From the adsorption data obtained, the values of the Freundlich constant, K F , K F * , and of the distribution coefficient, K D , K D * , were calculated. The results obtained indicated that the behaviour of carbaryl in soil-water systems in the presence of cationic, non-ionic and anionic surfactants depended on the charge properties of the surfactants, the degree of hydrophobicity or polarity of the pesticide (carbaryl) and the soil properties. The adsorption of carbaryl was higher in the presence of cationic surfactants followed by anionic and non-ionic surfactants. The R f values obtained from the soil TLC studies were inversely proportional to the K F , K F * and K D , K D * , values and confirmed the adsorption pattern of carbaryl in the absence and presence of surfactants. The K D * /K D ratio values were used to evaluate the remediation efficiency of surfactants for carbaryl-contaminated soils, when it was found that an anionic surfactant (SDS) at a 10 × CMC level provided a better choice for the remediation of contaminated soils. The remediation efficiency of the non-ionic surfactant studied (TX-100) varied with the nature of the soils and exhibited a good remediation efficiency for F.R.I. silt loam (FSL) and Alampur silt loam (ASL) soils, but a poor remediation efficiency for Kalai loam (KL) and Bhoran sandy loam (BSL) soils. Due to its high adsorption capacity on soil surfaces, use of the cationic surfactant studied (CTAB) led to a poor remediation efficiency.
From an environmental viewpoint, the findings from the present study together with the surfactant levels applied should facilitate the evaluation of the potential impact of these and similar surfactants on the pesticide distribution behaviour in natural water and/or at waste disposal sites.
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